HIV infection is a hallmark of disease progression. However, the relative contribution of CD4 + T cells as mediators of antiviral immune responses and targets for virus replication is still unclear. Here, we have generated data in SIV-infected rhesus macaques (RMs) that suggest that CD4 + T cells are essential in establishing control of virus replication during acute infection. To directly assess the role of CD4 + T cells during primary SIV infection, we in vivo depleted these cells from RMs prior to infecting the primates with a pathogenic strain of SIV. Compared with undepleted animals, CD4 + lymphocyte-depleted RMs showed a similar peak of viremia, but did not manifest any post-peak decline of virus replication despite CD8 + T cell-and B cell-mediated SIV-specific immune responses comparable to those observed in control animals. Interestingly, depleted animals displayed rapid disease progression, which was associated with increased virus replication in non-T cells as well as the emergence of CD4-independent SIV-envelopes. Our results suggest that the antiviral CD4 + T cell response may play an important role in limiting SIV replication, which has implications for the design of HIV vaccines.
Introduction
The interaction between HIV and the host immune system is complex, with both suppression of virus replication by certain immune mediators (e.g., CD8 + T lymphocytes, neutralizing Abs, and Abdependent cellular cytotoxicity [ADCC] ; reviewed in ref. 1 ) and facilitation of virus transmission and/or replication by others (e.g., activated CD4 + CCR5 + T cells and DCs; reviewed in refs. 2, 3) . This complexity is one of the reasons why an effective AIDS vaccine has yet to be designed. In particular, the interaction between CD4 + T cells and HIV may result in contrasting effects with respect to virus replication. On one hand, HIV-specific CD4 + T cells provide help for both HIV-specific CD8 + T cells and B cells, thus resulting in strong cytotoxic T lymphocyte (CTL) activity and production of HIV-specific Abs (reviewed in refs. 4, 5) . On the other hand, activated CD4 + T cells are key targets for HIV replication, and their presence in mucosal sites may favor virus transmission and/or replication (2, (6) (7) (8) .
The host antiviral immune response during HIV infection has been studied using the in vivo experimental model of pathogenic SIV mac infection of rhesus macaques (RMs), which results in a disease similar to HIV infection in humans. By performing in vivo depletion of specific cell populations with mAbs as well as adoptive transfer of SIV-specific Abs, it has been established that both CD8 + T lymphocytes and neutralizing Abs suppress virus replication in SIV-infected RMs (9) (10) (11) (12) (13) (14) (15) . A potential antiviral role of CD4 + T helper cells in determining the level of virus replication was suggested by an experiment in which RMs were subjected to a costimulatory blockade with CTLA-Ig and anti-CD40L Abs at the time of primary SIV infection, resulting in abrogation of the post-peak decline of viremia (16) . However, in that study, both T cell- and B cell-mediated SIV-specific immune responses were significantly disrupted, thus precluding a direct assessment of the role of CD4 + T cells. To directly measure the role of CD4 + T cells in determining the level of peak viremia and the magnitude of the post-peak decline during primary SIV infection, we depleted CD4 + lymphocytes in vivo in 5 Indian RMs by administering the humanized anti-CD4 mAb Cdr-OKT4A-huIgG1, and included 4 age- and gender-matched animals as undepleted controls. In this study, we selected a treatment protocol that depletes the vast majority of circulating CD4 + T cells, as well as those resident in LNs and BM, but has only a marginal effect on the level of mucosal CD4 + T cells. The rationales for this choice were (a) to preserve the overall dynamics of early SIV replication and dissemination that mainly occur in mucosal tissues during the acute phase of infection (17) (18) (19) , (b) to selectively abrogate the function of CD4 + T helper cells in inductive sites, and (c) to reduce the availability of CD4 + target cells in the post-peak phase of primary viremia (i.e., after virus-mediated depletion of mucosal CD4 + T cells). We also reasoned that this treatment would not change the effect of antiviral CD8 + T cell responses, based on the current paradigm that priming of virus-specific CTL responses is independent of CD4 + T cell help (20) (21) (22) . Similarly, we reasoned that this treatment would not influence the antiviral effect of SIV-specific neutralizing Abs, as they do no become detectable until after the acute stage of SIV mac infection (23) (24) (25) . Finally, we proposed that by inoculating RMs with SIV after a 6-week washout period from the last infusion of Cdr-OKT4A-huIgG1, we would avoid the potential confounding factor of direct antiviral activity of this anti-CD4 Ab (26) .
We found that CD4 + lymphocyte-depleted, SIV-infected RMs reached a peak level of virus replication very similar to that observed in undepleted controls. However, CD4 + lymphocyte-depleted RMs did not manifest a post-peak decline of virus replication despite CD8 + T cell- and B cell-mediated SIV-specific immune responses that were comparable to those of undepleted animals. As expected, this inability to control virus replication was associated with rapid disease progression. Since there was no evidence of a substantial increase in CD4 + target cells (i.e., total or memory CD4 + T cells expressing Ki67 and/or CCR5) in the CD4 + lymphocyte-depleted RMs, our findings support the possibility of a direct antiviral effect of CD4 + T cells during primary SIV infection.
Results

Experimental design.
To investigate the in vivo role of CD4 + T cells during primary SIV mac infection of RMs as either mediators of antiviral immune responses or targets for virus replication, we depleted CD4 + lymphocytes from 5 RMs using the humanized mAb Cdr-OKT4A-huIgG1, administered i.v. 4 times over 12 days at a dose of 10 mg/kg. The study also included 4 undepleted animals as controls. All RMs were infected i.v. with 3,000 tissue culture ID 50 (TCID 50 ) of SIV mac251 at day 45 after the last Cdr-OKT4A-huIgG1 administration, and tissues (BM and LN as well as rectal mucosa via rectal biopsy, referred to herein as RB) and peripheral blood were sampled at multiple time points throughout the study (Figure 1 ). This 45-day washout period prior to SIV infection was considered sufficient to remove the potential confounder of a direct antiviral effect mediated by Cdr-OKT4A-huIgG1.
Anti-CD4 Ab induces major CD4 + T cell depletion in blood, LNs, and BM. The efficacy of the anti-CD4 Ab in depleting CD4 + T cells in vivo was assessed in each examined site by multiparametric flow cytometry. As expected, treated RMs exhibited a major decrease (approximately 90%-95% relative to baseline) in both the percentage and absolute number of peripheral blood CD4 + T cells that persisted until the time of infection (Figure 2, A and B) . Of note, one of the treated RMs, animal RUv6, exhibited less dramatic CD4 + T cell depletion; therefore, we presented results from this animal separately from the others. Prior to treatment with the anti-CD4 Ab, RMs in the treatment group showed 55.8% ± 14.0% CD3 + CD4 + T cells and an absolute count of 765.6 ± 362.9 CD4 + T cells/μl in peripheral blood ( Figure 2B ). Similarly, control animals exhibited 60.9% ± 10.2% CD3 + CD4 + T cells and an absolute count of 876.4 ± 394.6 CD4 + T cells/μl in peripheral blood. At the nadir of depletion, the level of circulating CD4 + T cells was 3.6% ± 0.6% of CD3 + T cells, with an absolute count of 5.0 ± 4.3 CD4 + T cells/μl. By the time of SIV infection, the level of circulating CD4 + T cells was 15.3% ± 5.5% of CD3 + T cells, with an absolute count of 65.4 ± 44.8 CD4 + T cells/μl, representing an average decrease of 91.4% ± 3.0% of the absolute number of CD4 + T cells compared with baseline. The depleting treatment similarly affected all of the main CD4 + T cell subsets, including naive, central memory, effector memory, and regulatory cells (data not shown). In contrast, in untreated RMs, circulating CD4 + T cells at the time of experimental SIV infection represented 57.8% ± 1.2% of CD3 + T cells, an absolute count of 659.8 ± 597.8 CD4 + T cells/μl (P = NS vs. baseline; Figure 2B ). We next measured the relative percentage of CD3 + CD4 + T cells within the BM, LN, and RB. As shown in Figure 2C , treatment with anti-CD4 Ab induced a substantial depletion of CD4 + T cells in the BM and LNs (mean decline of 90.1% ± 1.9% and 75.5% ± 18.0%, respectively, relative to baseline), but not in the RB, in which depleted RMs exhibited levels of CD4 + T cells similar to those of undepleted controls (54.3% ± 24.7% and 31.1% ± 6.7% of CD3 + T cells, respectively; P = NS). Importantly, the effect of Cdr-OKT4A-huIgG1 was highly specific for CD4 + T cells, as other subsets of circulating or tissue-based mononuclear cells (i.e., monocytes, B cells, NK cells, and CD8 + T cells) were not affected by this treatment (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI46023DS1). Similarly, no changes in the levels of circulating plasmacytoid and myeloid DCs were observed
Figure 1
Experimental design of CD4 + lymphocyte depletion and SIV infection. 5 RMs were treated with the CD4 + lymphocyte-depleting Ab Cdr-OKT4A-huIgG1 prior to SIV infection, while 4 control animals were infected without any prior treatment. Samples of peripheral blood, BM, RB, and LN were collected at various time points before and after SIV infection.
after treatment with the anti-CD4 Ab (data not shown). Of note, the levels of circulating anti-CD4 Ab at the last time point prior to infection (i.e., day 45 after depletion) were assessed as serum CD4-binding activity by incubating serial dilutions of serum with the CD4-expressing cell line HUT78 and measuring binding activity by flow cytometry. This analysis revealed that, at day 45 after depletion (i.e., time of SIV infection), the binding of CD4 by the sera of depleted animals was slightly increased compared with that of undepleted animals (average MFI increase of 38.7%, as opposed to 327% of the sera collected immediately after infusion, data not shown), with the exception of animal RZj5, which showed CD4 binding levels similar to the positive controls.
Anti-CD4 Ab-mediated CD4 + lymphocyte depletion is followed by increased proliferation of residual CD4 + T cells. In vivo depletion of CD4 + lymphocytes in nonhuman primates is followed by homeostatic proliferation of residual CD4 + T cells, which involves preferentially non-naive cells (27, 28) . To confirm this phenomenon in our group of CD4 + lymphocyte-depleted RMs, we longitudinally measured the expression of the proliferation marker Ki67 on CD4 + T cells by flow cytometry in blood and tissues (LN, BM, and RB). As shown in Figure 2 , D and E, after CD4 + lymphocyte depletion, residual peripheral blood CD4 + T cells exhibited a marked increase in Ki67 expression, with a significant inverse correlation between absolute number of CD4 + T cells and percent circulating CD4 + T cells expressing Ki67 (R 2 = 0.4173; P < 0.0001). Of note, depletion of CD4 + T cells did not induce an increase in the level of proliferating CD8 + T cells (data not shown). This relationship between absolute CD4 + T cell count and fraction of CD4 + Ki67 + cells was absent in undepleted control animals (data not shown). The difference in percent CD4 + Ki67 + T cells between depleted RMs and undepleted controls remained significant at the time of infection (P = 0.006, Student's t test with Welch correction for unequal variances). As expected based on the finding that our treatment depleted CD4 + T cells in LN and BM, but not in RB, we observed an increase in the fraction of CD4 + Ki67 + T cells in the LN and BM of the depleted RMs, but not in RB (data not shown). In all, these data confirmed that experimental CD4 + lymphocyte depletion is associated with a lineage- and tissue-specific increased proliferation of the residual CD4 + T cells.
SIV infection of CD4 + T lymphocyte-depleted RMs is characterized by absence of post-peak viral decline and rapid progression to AIDS.
After completion of the CD4 + lymphocyte-depleting protocol, all animals were infected with 3,000 TCID 50 SIV mac251 (day 0). We then examined the kinetics of SIV plasma viremia. As shown in Figure 3 , A and B, both groups of animals experienced a rapid, exponential increase in virus replication that reached a maximum level at approximately day 11 post infection (p.i.; control, 9.5 × 10 7 ± 6.3 × 10 7 copies/ml; CD4 + lymphocyte-depleted, 6.8 × 10 7 ± 4.1 × 10 7 ; P = NS). Importantly, whereas the control, undepleted SIV-infected RMs showed a discernible post-peak decline of viremia (i.e., 1-2 logs on average), the 4 fully CD4 + lymphocyte-depleted SIVinfected RMs did not display a clear post-peak decline of viremia and maintained a mean setpoint viral load greater than 1 log higher than that of control animals. This difference was statistically significant between days 14 and 42 p.i. (P = 0.001, linear mixedeffects model). Interestingly, RUv6, which had the least effective CD4 + lymphocyte depletion, exhibited the lowest peak and sharpest post-peak decline of viremia of all SIV-infected RMs. The more benign course of infection (i.e., lower viral load and increased survival) observed in RUv6 is unlikely to be caused by persistence of depleting Ab, since this animal showed the lowest levels of circulating anti-CD4 Ab at the last time point prior to experimental SIV infection (data not shown). Of note, the higher setpoint viremia observed in CD4 + lymphocyte-depleted SIV-infected RMs was associated with faster disease progression, with all 4 fully depleted animals succumbing to AIDS within 90 days of infection ( Figure 3C ; median survival, depleted RMs, 63 days p.i.; controls, about 400 days p.i.). This trend was considered statistically significant (P = 0.0414, hazard ratio 8.317, Kaplan-Meier estimates); however, this significance was lost when RUv6 was included in the depleted group (P = 0.2393, hazard ratio 2.914, Kaplan-Meier estimates).
SIV infection induces systemic CD4 + T cell loss in both CD4 + lymphocytedepleted and undepleted RMs. We next assessed the effect of SIV infection on the dynamics of CD4 + T cells in treated and untreated RMs. Since our experimental model resulted in homeostatic proliferation of residual CD4 + T cells in depleted animals prior to infection, we first assessed the impact of this proliferation on the CD4 + T cell dynamics that typically follow SIV infection. At day 14 p.i., CD4 + lymphocyte-depleted RMs exhibited a mean of 2.7% ± 1.1% CD3 + CD4 + T cells, with an absolute count of 7.0 ± 6.3 CD4 + T cells/μl, whereas control animals exhibited a mean of 17.4% ± 5.4% CD3 + CD4 + T cells, with an absolute count of 377.0 ± 240.7 CD4 + T cells/μl ( Figure 4A ). Thus, the SIV-induced CD4 + T cell decline relative to the preinfection baseline was comparable in the 2 groups of RMs (depleted, 82.6% ± 5.4% decline; control, 70.0% ± 8.9% decline), despite the much lower CD4 + T cell counts observed in CD4 + lymphocyte-depleted animals at the time of infection. We next examined the dynamics of CD4 + T cells after SIV infection in the LN, BM, and RB. As shown in Figure 4 , B and C, the loss of CD4 + T cells at day 14 p.i. in the LN was similar in control and depleted animals (declines of 58.7% ± 13.6% and 63.4% ± 14.1%, respectively). In the BM, the loss of CD4 + T cells at day 14 p.i. was also comparable in CD4 + lymphocyte-depleted and control RMs (32.7% ± 18.1% and 32.1 ± 19.8% declines, respectively), even though the levels of BMbased CD3 + CD4 + T cells were higher in control RMs (13.5% ± 5.3%) than CD4 + lymphocyte-depleted animals (2.1% ± 0.6%). Interestingly, by day 42 p.i., the CD4 + lymphocyte-depleted RMs exhibited a recovery of BM-based CD4 + T cells to preinfection (but not pretreatment) levels, consistent with the previously described role of the BM as a preferential anatomic site for homeostatic prolifera-
Figure 3
CD4 + lymphocyte depletion is associated with the absence of postpeak decline of viremia and with accelerated disease progression. Longitudinal assessment of plasma viremia expressed as log plasma viral load for individual animals (A) and mean ± SEM of the log plasma viral load (B) in CD4 + lymphocyte-depleted and control RMs. Setpoint viral loads (days 18-42 p.i.) were significantly higher in treated animals (P = 0.044, log plasma viral load, linear mixed effects model). (C) Survival curves for CD4 + lymphocyte-depleted and control RMs (P = 0.0414, hazard ratio 8.317, Kaplan-Meier estimate through day 467).
tion of CD4 + T cells in nonhuman primates (29) . Within RBs, in which the preinfection levels of CD4 + T cells were similar between depleted and control RMs, SIV infection induced a similarly dramatic loss of CD4 + T cells in the 2 groups by day 28 p.i. (decline of 94.7% ± 1.6% and 97.5% ± 1.0% in depleted and control animals, respectively). Taken together, these data indicate that SIV infection had a similar effect on depleting circulating and tissue CD4 + T cells in CD4 + lymphocyte-depleted and control RMs.
CD4 + lymphocyte-depleted SIV-infected RMs do not show a substantial increase in activated and/or CCR5 + CD4 + T cells that may serve as preferential targets for virus infection.
The absence of post-peak decline of viremia in CD4 + lymphocyte-depleted SIV-infected RMs is consistent with 2 hypotheses: (a) defective antiviral immune responses, and (b) increased availability of target cells. While CD4 + lymphocyte-depleted RMs showed lower levels of total CD4 + T cells both at the time of SIV inoculation and throughout the acute phase of infection, we considered the possibility that the depletion-induced homeostatic proliferation of CD4 + T cells may have led to an absolute increase in activated (i.e., Ki67 + ) and/or CCR5 + CD4 + T cells that may have acted as preferential targets for SIV infection. To address this question, we measured the absolute levels (cells/μl blood for circulating CD4 + T cells, percentage of CD3 + T cells for LN- and RB-based CD4 + T cells) of CD4 + Ki67 + T cells, CD4 + CCR5 + T cells, CD4 + Ki67 + CCR5 + T cells, memory (i.e., CD95 + ) CD4 + Ki67 + T cells, memory CD4 + CCR5 + T cells, and memory CD4 + Ki67 + CCR5 + T cells in CD4 + lymphocyte-depleted and control RMs. As summarized in Table 1 , none of these populations of potential preferential targets for SIV infection was increased in the CD4 + lymphocyte-depleted RMs at day 14 p.i. compared with control animals, and in depleted animals, only the percentage of activated/CCR5 + CD4 + T cells in the RB was increased at day 28 p.i. It should be noted, however, that by day 28 p.i., the fraction of residual CD4 + T cells in the RB was very low in both CD4 + lymphocyte-depleted and control RMs ( Figure 4C ). Overall, these data do not support the possibility that the lack of post-peak decline of SIV viremia in depleted RMs is caused by increased numbers of CD4 + target cells. an altered pattern of infected CD4 + T cell subsets. To this end, we measured the levels of cell-associated SIV-DNA in sorted cell populations including monocytes, naive CD4 + T cells (CD28 + CD95 -), central memory CD4 + T cells (CD28 +/-CD95 +/lo CCR7), and effector memory CD4 + T cells (CD28 +/-CD95 +/lo CCR7 -). As shown in Supplemental Figure 2A , we did not observe any significant difference between CD4 + lymphocyte-depleted and control SIVinfected RMs in percent infected monocytes or naive CD4 + T cells at days 14 or 42 p.i. Similarly, we did not find any significant difference in the relative proportion of SIV-infected central memory and effector memory CD4 + T cells at either day 14 or day 42 p.i. (Supplemental Figure 2B) . Overall, these data do not support the hypothesis that the absence of post-peak decline of viremia observed in CD4 + lymphocyte-depleted SIV-infected RMs is the result of an expanded in vivo cellular tropism of the virus for either monocytes or naive CD4 + T cells.
CD4 + lymphocyte-depleted SIV-infected RMs do not show increased infection of naive CD4 + T cells or monocytes. We next investigated whether
CD4 + lymphocyte-depleted SIV-infected RMs develop SIV-specific T cell responses similar to those of control animals. To determine whether CD4 + T cell depletion reduces the ability of SIV-infected RMs to generate virus-specific CD8 + T cell responses, we longitudinally compared the SIV-induced expansion of SIV-Gag- and SIV-Tatspecific CD8 + T cells within our experimental and control RMs, as assessed by staining with the Gag-CM9 or Tat-SL8 tetramers in the subset of Mamu-A*01 animals included in this study (3 CD4 + lymphocyte-depleted and 2 undepleted RMs). Despite some expected variation across individual RMs, we did not observe any consistent differences in the level of Gag- or Tat-specific CD8 + T cells between the 2 groups of SIV-infected RMs in any of the tissues examined ( Figure 5, A and B) . To assess potential functional differences in the SIV-specific CD8 + T cell responses, we next assessed the ability of SIV-specific CD8 + T cells from both groups of RMs to produce the cytokines IFN-γ, IL-2, and TNF-α and/or to degranulate (as measured by surface expression of CD107a) in response to in vitro stimulation with peptides encompassing the entire SIV-Gag protein.
These experiments did not reveal any consistent differences in the level or functionality of CD8 + T cells from CD4 + lymphocyte-depleted or control RMs at any of the examined time points ( Figure 5C ). Collectively, these data indicate that the marked depletion of CD4 + T cells induced by the Cdr-OKT4A-huIgG1 Ab did not compromise the generation of SIV-specific CD8 + T cell responses during primary SIV infection. Therefore, these data do not support the hypothesis that the absence of post-peak SIV replication decline observed in CD4 + lymphocyte-depleted RMs is a consequence of defective SIV-specific CD8 + T cell responses. Finally, we measured the level of SIV-specific CD4 + T cell responses using the same combination of in vitro stimulation with SIV peptides and intracellular cytokine staining (ICS; Figure 5D ). The percentage of CD4 + T cells responding to SIV peptides was similar in the 2 groups. However, given the dramatically lower CD4 + T cell counts of the depleted animals ( Figure 4A ), these equivalent percentages resulted in much lower absolute numbers of SIV-specific CD4 + T cells/μl blood in experimental animals compared with controls (data not shown).
CD4 + lymphocyte-depleted RMs do not show differences in SIV-specific humoral responses during primary SIV infection. We next investigated
whether the CD4 + lymphocyte-depleted SIV-infected RMs experienced defective and/or delayed SIV-specific humoral immune responses compared with control animals. To this end, we first measured the absolute count of total and activated (i.e., Ki67 + ) B cells in the blood and LNs during acute SIV infection and found no difference between CD4 + lymphocyte-depleted and control RMs (data not shown). We then measured the time to seroconversion for SIV-binding (i.e., non-neutralizing) Ab in the 2 groups of animals by standard ELISA and again found no significant difference (data not shown). Finally, we measured the ability of plasma isolated from CD4 + lymphocyte-depleted and control RMs at various time points after SIV infection to neutralize SIV mac251.6 infectivity in vitro. As shown in Figure 6 , and as expected based on previous studies (25) , the levels of neutralization were modest (i.e., reaching 50% inhibition only in RUv6) in both CD4 + lymphocytedepleted and control SIV-infected RMs up to day 42 p.i. Although control animals showed slightly greater inhibition, no significant difference in neutralization was observed during acute or early chronic infection. Collectively, these data do not support the possibility that the difference in post-peak decline of viremia observed between CD4 + lymphocyte-depleted and control SIV-infected RMs was caused by a defective or delayed antiviral humoral immune response in CD4 + lymphocyte-depleted animals. 
CD4 + lymphocyte-depleted SIV-infected RMs show increased infection of non-T cells in LNs and
RBs. The presence of high levels of virus replication in SIV-infected RMs with severe depletion of CD4 + T cells in all examined tissues prompted us to investigate the source of virus in these animals. To this end, we used a combined histological approach consisting of immunofluorescence or immunohistochemical (IHC) analysis for the pan-T cell marker CD3 and fluorescent in situ hybridization (ISH) for SIV in LN and RB sections from CD4 + lymphocyte-depleted and control animals. Figure 7 , A and B, shows representative staining of LN and RB sections at day 28 p.i., with visual evidence of higher replication in non-T cells in the CD4 + lymphocyte-depleted RMs. As measured by quantitative image analysis, SIV replication in CD3 + T cells versus CD3 -non-T cells in the LN showed a significant increase in percent virus harbored in CD3 -cells (P = 0.0108) in CD4 + lymphocyte-depleted RMs compared with control animals at day 28 p.i. Because of limited sample availability, we could not perform the same quantitative analysis in RB. However, the level of SIV replication in CD68 + macrophages and HLA-DM + APCs in RBs appeared strikingly higher in CD4 + lymphocyte-depleted RMs ( Figure 7D ). Taken together, these results indicate that the CD4 + lymphocytedepleting treatment was associated with a substantial increase in the level of virus replication in non-T cells such as macrophages and other APCs in tissues. Virus from CD4 + lymphocyte-depleted SIV-infected RMs develops CD4-independent envelopes. Finally, to determine whether CD4 + lymphocyte depletion was associated with changes in viral envelope (Env) receptor/coreceptor utilization patterns, we generated a panel of envs by single genome amplification (SGA) from plasma of 7 RMs (5 depleted and 2 undepleted) at day 42 p.i. and analyzed infection patterns using pseudotype reporter viruses. As shown in Figure 8 , none of the Envs from the undepleted animals used CCR5 independently of CD4. In contrast, Envs from 4 of the 5 depleted RMs were able to infect CCR5 + cells in the absence of CD4 at levels approximating 40%-60% of those seen in CCR5 + CD4 + cells. Lower, but nonetheless detectable, levels of CD4-independent infection were seen with Envs from RUv6, the animal that exhibited only moderate CD4 + T cell depletion. Concordant results were seen when CCR5 + CD4 + U87 cells were treated with a CD4-blocking mAb (data not shown). We also examined use of alternative coreceptors in transfected 293T cells. As expected for SIV mac , most Envs used CXCR6 and GPR15 efficiently and GPR1 to a lesser extent, but not CXCR4 or CCR2b. However, there was no increase in breadth or efficiency of alternative coreceptor use among Envs from CD4 + lymphocyte-depleted compared with undepleted RMs (data not shown). Thus, CD4 + lymphocyte depletion was associated with CD4-independent use of CCR5, but not with expanded alternative coreceptor utilization. . 2, 4-8) . The antiviral role of CD4 + T cells could be further classified as direct (i.e., by the production of antiviral cytokines and cytotoxic activity) and indirect (i.e., as help to other immune effector cells, such as CD8 + T cells and B cells). In this study, we sought to dissect the in vivo role of CD4 + T cells as immune effectors and targets for virus replication by depleting these cells prior to SIV infection of RMs. We chose an experimental system in which CD4 + T cells are depleted from blood, LNs, and BM, but not mucosal effector sites. This methodology allowed for the preservation of sufficient (and canonical) targets for early virus replication, avoiding the possibility of abortive infection, while eliminating or at least dramatically reducing a primary CD4 + T cell response.
Discussion
We considered 2 alternative outcomes for the kinetics of virus replication during acute SIV infection in CD4 + lymphocyte-depleted RMs: (a) an increased peak and/or reduced post-peak decline of viremia, which would indicate that the primary effect of removing CD4 + T cells is the loss of an important immune effector function; or (b) a decreased peak and/or a more rapid post-peak decline, which would indicate that the primary effect of removing CD4 + T cells is a reduction of target cells for virus replication. The results of this study clearly showed a normal peak of viremia but the absence of a postpeak viral decline in the CD4 + lymphocyte-depleted SIV-infected RMs, supporting the hypothesis that CD4 + T cells are essential to establish control of virus replication during acute SIV infection. To the best of our knowledge, this is the first time that this conclusion has been reached through a direct experimental approach. Importantly, CD4 + lymphocyte-depleted SIV-infected RMs also showed accelerated disease progression compared with control animals. This phenomenon may be attributed to higher setpoint viremia, lower CD4 + T cell counts, or both, and the current experimental setting did not allow us to discriminate between these 2 possibilities.
To examine the pathophysiologic mechanisms by which depletion of CD4 + T cells results in abrogation of the post-peak decline of viremia, we first considered the possibility that the
Figure 6
Low levels of plasma neutralizing activity against SIV in both CD4 + lymphocyte-depleted and control RMs. Percent infectivity of SIVmac251.6 in vitro after incubation with various dilutions of plasma collected at different time points p.i. in CD4 + lymphocyte-depleted and control RMs. RUv6, which experienced moderate CD4 + lymphocyte depletion, is also shown. Each line represents an individual time point. Dotted lines denote 50%. Individual points illustrate mean ± SEM per group or individual. Assay was performed twice independently with duplicate wells.
CD4 + lymphocyte-depleting treatment was followed by a paradoxical increase in the number of CD4 + target cells for SIV replication. It was conceivable that, although we used a CD4 + lymphocyte-depleting Ab, the treated RMs may have had increased numbers of activated and/or proliferating CD4 + T cells as a result of strong stimulation by homeostasis-driven CD4 + T cell tropic cytokines such as IL-7 and IL-15 (30) . We therefore measured the absolute numbers of proliferating and/or CCR5 + total and memory CD4 + T cells that could serve as preferential targets for SIV infection in blood, LNs, and mucosal tissues. This analysis did not reveal any sign of an increased number of CD4 + target cells in CD4 + lymphocyte-depleted SIV-infected RMs, except for a modest increase in the fraction of activated/CCR5 + CD4 + T cells in the RB at a p.i. time at which the vast majority of mucosal CD4 + T cells had been depleted, in agreement with numerous previous studies (17, 18, 31, 32) . In addition, we found no evidence of an expanded cell tropism of SIV for either naive CD4 + T cells or circulating monocytes as a possible contributor to the higher viremia in the CD4 + lymphocyte-depleted SIV-infected RMs. The current set of data does not exclude the possibility that higher levels of activated and/or infected CD4 + T cells are present in anatomic compartments that were not examined as part of this study, nor that SIV replication was higher on a per-cell basis in CD4 + lymphocyte-depleted RMs. These caveats notwithstanding, we conclude that the bulk of the available experimental data are not consistent with the idea that CD4 + lymphocyte depletion results in a paradoxical increase in CD4 + target cells.
We next sought to determine whether the loss of an antiviral effect of CD4 + T cells in CD4 + lymphocyte-depleted SIV-infected RMs was due to reduced effectiveness of CD8 + T cells and/or Abproducing B cells. We measured SIV-specific cellular immune responses by both ICS and tetramer staining as well as humoral responses by assessment of B cell activation and production of both SIV binding and neutralizing Abs. This analysis did not reveal any obvious defect of SIV-specific CD8 + T cellmediated responses in the CD4 + lymphocyte-depleted RMs during the first 42 days of infection that could explain the lack of post-peak decline of viremia in these animals. This result was actually not surprising, as primary virus-specific CD8 + T cell responses have previously been shown to be by and large CD4 + T cell independent in numerous experimental models (20) (21) (22) . In addition, we did not detect any difference in SIVspecific B cell responses in CD4 + lymphocyte-depleted RMs compared with controls. One explanation for this finding is that the residual CD4 + T cells present in depleted SIV-infected RMs may have been sufficient to provide the required help for SIV-specific B cells. It should also be noted that the induction of potent anti-SIV neutralizing Ab responses is reported to occur several weeks, if not months, after infection (23) (24) (25) 33) . This time frame is not consistent with a major role for these Abs in the post-peak decline of viremia that occurs between day 14 and 21 p.i. Collectively, these data are consistent with the hypothesis that the abrogation of direct CD4 + T cell-mediated antiviral immune responses is the main determinant of the lack of post-peak decline of viremia in CD4 + lymphocyte-depleted SIVinfected RMs. It should be noted, however, that in this study we did not assess directly the cytolytic activity of SIV-specific CD4 + T cells in either group of animals, nor did we analyze the ability of CD8 + T cells to directly inhibit virus replication. Moreover, the presented data do not rule out that non-neutralizing Abs and/or ADCC activity play a role in the early control of virus replication that could be reduced in the absence of CD4 help. Therefore, we cannot exclude the possibility that subtle differences in the in vivo antiviral function of CD8 + T cells or in the SIV-specific Ab function between CD4 + lymphocyte-depleted and control RMs are involved in the observed phenotype.
Several previous studies have provided evidence in support of a direct antiviral role of CD4 + T cells during both HIV and SIV infection (34) (35) (36) (37) (38) (39) (40) (41) (42) . However, this antiviral effect has not been formally tested in vivo by depleting CD4 + T cells in SIVinfected RMs (analogous to the classical experiments of CD8 + lymphocyte depletion). The current study provides the first direct experimental evidence to our knowledge that CD4 + T cells are necessary to achieve a post-peak decline of SIV viremia in RMs. In addition to the well-known helper effect, HIV- and SIV-specific CD4 + T cells may directly inhibit virus replication through granzyme B and/or perforin-mediated cytolytic activity and through production of antiviral cytokines and chemokines (36) (37) (38) (41) (42) (43) .
The presence of very high virus replication in the context of the severe, generalized CD4 + T cell depletion observed in the anti-CD4 Ab treated RMs prompted us to investigate the cellular origin and coreceptor use of the virus in these animals. These experiments revealed that CD4 + lymphocyte depletion induced a significant increase in the level of virus replication occurring in non-T cells, such as tissue macrophages and other APCs, which was coupled to the emergence of CD4-independent virus strains. Possible explanations for this change in the pattern of in vivo SIV-infected cells may be related to a lack of canonical CD4 + T cell targets (44, 45) and/or the absence of an antiviral effect mediated by CD4 + T cells (or other immune effector functions). While the current set of data cannot distinguish between these 2 possibilities, further studies aimed at better understanding the relationship between CD4 + T cell loss and virus replication in non-T cells during SIV infection of RMs are warranted.
The results of this work have particular relevance both for the understanding of AIDS immunopathogenesis and for HIV vaccine design. Currently, much emphasis is placed on candidate AIDS vaccines that would protect from HIV transmission and/or disease progression by eliciting neutralizing Abs and CD8 + CTLs (1). The current study suggests that, in addition to humoral and/or CD8 + T cell-mediated immune responses, the antiviral CD4 + T cell response may play an important role in limiting HIV replication, a finding that could be exploited in the design of candidate AIDS vaccines. As CD4 + T cell activation induced by an AIDS vaccine has the intrinsic potential of generating more targets for HIV (and SIV) infection (46) , it will be essential to investigate at the phenotypic and functional level what type of CD4 + T cell responses mediate the protective antiviral effect revealed in this study.
Methods
Animals and virus. Of the 9 healthy, SIV-uninfected Indian RMs (Macaca mulatta) used in this study, 5
were Mamu-A*01 + and 4 were Mamu-A*01 -. These animals were housed at the Yerkes National Primate Research Center and maintained in accordance with NIH guidelines. All animals were infected i.v. with 3,000 TCID50 SIVmac251 (provided by C. Miller, UCD, Davis, California, USA). Animals that reached disease endpoint, as defined by wasting syndrome unresponsive to therapy, were sacrificed according to the recommendations of the 2007 American Veterinary Medical Association (AVMA) Guidelines on Euthanasia.
CD4 + lymphocyte depletion. 5 uninfected RMs (3 Mamu-A*01 + , 2 Mamu-A*01 -) were treated i.v. with 10 mg/kg humanized anti-CD4 mAb (Cdr-OKT4A-huIgG1; clone 12F11; provided by K. Reimann, Beth Israel Deaconess Medical Center, Boston, Massachusetts, USA) at days -57, -52, -47, and -45 relative to SIV infection. The efficacy of the depleting treatment in tissues in which absolute number calculations of the total lymphoid cellularity were not performed was assessed assuming that the non-CD4 + T cell fraction remained unchanged after the anti-CD4 Ab treatment.
Determination of viral load RNA. Quantitative real-time RT-PCR assay to determine SIV viral load was performed as previously described (47) .
Tissue collection and sample processing. PBMCs were stained in whole blood and lysed with 1× BD FACS Lysing Solution prior to intracellular staining. Procedures for LN biopsy and RB as well as for isolation of lymphocytes from these samples were performed as previously described (48) . All samples were processed, fixed (1% paraformaldehyde), and analyzed within 24 hours of collection.
Flow cytometry and immunophenotyping. Polychromatic flow cytometry analysis was preformed on an LSR II equipped with FACS DiVA software (version 6.1.1; BD). The following Abs were used at predetermined volumes: CCR5-PE (clone 3A9), CCR7-PECy7 (clone 3D12), CD3-Alexa Fluor 700 (clone SP34-2), CD8-APCCy7 (clone SK1), CD14-PE (clone M5E2), CD107a-FITC (clone H4A3), IFN-γ-PE (clone B27), IL-2-APC (clone MQ1-17H12), Ki67-FITC (clone B56), and TNF-α-PECy7 (clone MAB11) from BD Biosciences - Pharmingen; CD4-Pacific Blue (clone OKT4) and CD95-PECy5 (clone DX2) from eBiosciences; CD20-ECD (clone B9E9) and
Figure 8
Emergence of CD4-independent SIV envelopes in CD4-depleted, but not undepleted, RMs. Env clones were obtained by SGA from plasma at day 42 p.i. and used to generate luciferase-expressing pseudotype reporter viruses. Pseudotype virus was used for infection of 293T cells transfected with CD4 alone, CCR5 alone, or CD4 and CCR5 together. Infection based on luciferase activity in cell lysates was normalized relative to that mediated by CCR5 and CD4 together for each Env.
to infect 293T cells transfected with CD4 alone, CCR5 alone, or both together. Cells were lysed 3 days later, and infection was measured by luciferase activity in cell lysates.
Statistics. Statistical analyses were performed using Prism (version 4.0c; GraphPad Software Inc.) or SAS 9.1 (SAS Institute Inc.). 1-tailed Student's t tests were performed to determine the significance of changes in the percent or count of CD4 + CD3 + T cells relative to baseline (paired) or in the difference of particular cell subsets at single time points in or among CD4 + lymphocyte-depleted and control animals (unpaired). Welch corrections were applied as indicated. The Mann-Whitney test was performed on samples that received stimulation or were sorted for PCR. A mixed linear-effects model was used to assess the longitudinal significance of differences in the percent and count of peripheral CD3 + CD4 + T cells between groups as well as setpoint viral load. Pearson correlation was performed between the absolute number of CD3 + CD4 + T cells and the percentage of circulating Ki67 + CD4 + T cells. The Kaplan-Meier estimate was applied to survival data to determine survival significance between CD4 + lymphocyte-depleted and control animals. Averaged data are presented as arithmetic mean ± SEM. A P value less than 0.05 was considered significant.
Study approval. Animal studies were conducted in accordance with protocols approved by the IACUCs of University of Pennsylvania and Emory University.
